RAD51 paralogs (RAD51B, RAD51C, RAD51D, XRCC2, and XRCC3) have recently been involved in breast and ovarian cancer predisposition: RAD51B, RAD51C, and RAD51D in ovarian cancer, RAD51B and XRCC2 in breast cancer. The aim of this study was to estimate the contribution of deleterious variants in the five RAD51 paralogs to breast and ovarian cancers. The five RAD51 paralog genes were analyzed by next-generation sequencing technologies in germline DNA from 2649 consecutive patients diagnosed with breast and/or ovarian cancer. Twenty-one different deleterious variants were identified in the RAD51 paralogs in 30 patients: RAD51B (n = 4), RAD51C (n = 12), RAD51D (n = 7), XRCC2 (n = 2), and XRCC3 (n = 5). The overall deleterious variant rate was 1.13% (95% confidence interval (CI): 0.72-1.55%) (30/2649), including 15 variants in breast cancer only cases (15/2063; 0.73% (95% CI: 0.34-1.11%)) and 15 variants in cases with at least one ovarian cancer (15/ 570; 2.63% (95% CI: 1.24-4.02%)). This study is the first evaluation of the five RAD51 paralogs in breast and ovarian cancer predisposition and it demonstrates that deleterious variants can be present in breast cancer only cases. Moreover, this is the first time that XRCC3 deleterious variants have been identified in breast and ovarian cancer cases.
Introduction
Most currently known breast and ovarian cancer predisposition genes play a role in repair of DNA double-strand breaks by homologous recombination (HR): BRCA1 and BRCA2 are the two major genes and confer high risks of breast and ovarian cancer [1] ; PALB2 confers a breast cancer risk modulated by family history and a moderate risk of ovarian cancer [2, 3] ; BRIP1 may confer a moderate risk of ovarian cancer only [4] . While breast or ovarian cancer predisposition is caused by monoallelic germline deleterious variants in these genes, biallelic germline deleterious variants in BRCA2, PALB2, and BRIP1 result in Fanconi anemia, an autosomal recessive inherited syndrome characterized by developmental abnormalities, bone marrow failure and predisposition to various cancers [5] . Rare biallelic germline deleterious variants in BRCA1 can result in a Fanconi anemia-like disorder. BRCA2, PALB2, BRIP1, and BRCA1 are called FANCD1, FANCN, FANCJ, and FANCS, respectively, in the context of Fanconi anemia.
Genetic studies were recently conducted on RAD51 paralogs (RAD51B, RAD51C, RAD51D, XRCC2, XRCC3), involved in the same DNA repair pathway: RAD51 is the key protein for HR; BRCA2 loads RAD51 monomers at DNA double-strand break sites and RAD51 activity depends on the RAD51 paralog family [6] . Biallelic germline deleterious variants in RAD51C and XRCC2 were identified in patients affected with a Fanconi anemia-like disorder. RAD51C and XRCC2 are called FANCO and FANCU in the context of Fanconi anemia. As several Fanconi anemia-related genes are also breast and/or ovarian cancer predisposition genes, RAD51C was subsequently studied as a candidate gene and was the first RAD51 paralog involved in breast and ovarian cancer predisposition [7] .
Monoallelic germline deleterious variants in several RAD51 paralogs have been involved in breast and ovarian cancer predisposition. The strongest evidence comes from identification of monoallelic germline deleterious variants in RAD51C and RAD51D that confer predisposition to ovarian cancer; their contribution to breast cancer is controversial [7] [8] [9] . Monoallelic germline RAD51B deleterious variants were reported in a breast and ovarian cancer family case and two unselected cases of ovarian cancer [10, 11] . Monoallelic germline XRCC2 deleterious variants were identified in breast cancer family cases but two subsequent population-based studies failed to confirm an association between XRCC2 deleterious variants and breast cancer risk [12] [13] [14] . Finally, no XRCC3 deleterious variant was identified in breast and ovarian cancer cases but some XRCC3 neutral variants were associated with breast and ovarian cancer susceptibility [15, 16] .
In this study, the five RAD51 paralogs were analyzed on a large series of consecutive unrelated patients to better estimate their contribution to breast and ovarian cancers.
Patients and methods

Patients
This study was conducted on a series of 2649 consecutive unrelated patients diagnosed with breast and/or ovarian cancer, including 2063 patients with personal and family history of breast cancer only, 570 patients with at least 1 ovarian cancer in their personal or family history, 9 patients with personal or family history of pancreas cancer and 7 patients with personal or family history of prostate cancer. Genetic testing for the RAD51 paralogs was proposed to patients based on personal or family history, in addition to BRCA1/2 genetic testing. Individual inclusion criteria were: (1) breast adenocarcinoma before the age of 36, (2) nonmucinous ovarian carcinoma before the age of 70, (3) triple-negative breast adenocarcinoma before the age of 51, (4) adenocarcinoma with medullary features, (5) breast and ovarian carcinomas, or (6) male breast cancer. Family history was defined as either (1) three breast cancer cases in first-degree or second-degree relatives in the same lineage, (2) two breast cancer cases in first-degree or second-degree relatives (with a transmitting male), with one cancer before the age of 40 or one cancer before 50 and the other before 70, or (3) one breast cancer case and one first-degree or second-degree relative (with a transmitting male) with ovarian cancer. Family history was the unique inclusion criterion for 112 patients that were unaffected by breast or ovarian cancer. All patients attended a visit for genetic counseling in a family cancer clinic. Patients gave their informed consent for genetic testing.
Genomic DNA analysis
Two different protocols of next-generation sequencing (NGS) were used for gene analysis of RAD51 paralog coding exons and exon-intron junctions. Gene analysis was performed by SureSelect XT (Agilent) enrichment and sequencing on GAIIx (Illumina) for 1701 patients, as previously described [17] , or AmpliSeq (Life Technologies) enrichment and sequencing on Personal Genome Machine (PGM, Life Technologies), followed by bioinformatics analysis using the NextGENe software v2.3 (SoftGenetics), for 948 patients. AmpliSeq enrichment was performed on pools of 20 patient DNA for higher throughput instead of individual analysis.
Variant classification criteria
Criteria for deleterious variant class (variants that affect function) were: nonsense substitutions, frameshift insertions/deletions, or splicing variants leading to out-of-frame exon skipping or in-frame exon skipping located in a functional domain, confirmed by mRNA analysis. This class corresponds to pathogenic variants according to recommendations from the American College of Medical Genetics (ACMG), except RAD51B p.(Arg8*) and p.(Arg47*) that would be considered as likely pathogenic as they were reported in population databases in two or one control, respectively, and RAD51C c.706-2A>G and A>T, likely pathogenic as they are not null variants but lead to inframe exon skipping in a functional domain (Table 1 ) [18] . Criteria for likely deleterious variant class (variants that probably affect function) were: splicing variants by in silico prediction, missense variants with Align-GVGD class ranging from C45 to C65 [19] , in-frame insertions/deletions, or stop-loss variants. This class corresponds to variants of unknown significance according to ACMG recommendations. The splicing effect of variants was predicted according to a previously published bioinformatics pipeline: a greater than 15% decrease of the MaxEntScan score and a greater than 5% decrease of the SpliceSiteFinder-like score for donor/acceptor splice sites [20] .
Variant annotation
Accession numbers used in this report for RAD51B, RAD51C, RAD51D, XRCC2 and XRCC3 genes were NM_133509.3, NM_058216.1, NM_001142571.1, NM_005431.1, and NM_001100119.1, respectively. Variants were submitted to LOVD databases, at https://databa ses.lovd.nl/shared/genes/RAD51B, RAD51C, RAD51D, XRCC2, or XRCC3.
mRNA analysis
RNA was extracted from breast tumors using TRIzol reagent according to the manufacturer's instructions (Invitrogen). 2 μg of total RNA from each sample was used for reverse transcription in a 40 μL reaction using the GeneAmp RNA PCR Core kit according to the manufacturer's instructions (Applied Biosystems). cDNA was amplified with forward and reverse primers 5′-TGCA-CAACTTCAAGGCAATC-3′ and 5′-TTGGGTGACAGAGCAAAATG-3′ for RAD51B c. 1036
and 5′-TCCACTTGTACACATTGATTTCAC-3′ for RAD51C c.1026 + 5_1026 + 7del variant.
Results
Genetic variants in RAD51 paralogs
Twenty-one different deleterious variants were identified in the RAD51 paralogs in 30 patients: RAD51B (n = 4), RAD51C (n = 12), RAD51D (n = 7), XRCC2 (n = 2) and XRCC3 (n = 5) ( Table 1 ) [21] . The overall deleterious variant rate was 1.13% (95% confidence interval (CI): 0.72-1.55%) (30/2649). The deleterious variant classes were nonsense (n = 11; 37%), frameshift (n = 10; 33%) or splice (n = 9; 30%). RAD51C c.706-2 A > G and RAD51D p.(Arg252*) variants were observed in four unrelated patients. In addition, 15 likely deleterious variants were identified in 22 patients, predominantly missense variants (Supplementary Table 1 ). These variants were not taken into account in the contribution to breast and ovarian cancers as their causality needs to be assessed. Among them, RAD51B c.1036 + 5 G > A variant was detected in four unrelated patients; its impact on splicing was confirmed by mRNA analysis but this variant was not included because of its frequency in controls (4/2649; 0.15% patients vs. 5/ 8600; 0.06% controls from European American population in the Exome Sequencing Project; p = 0.28).
Clinicopathological characteristics of breast and ovarian cancers in RAD51 paralog deleterious variant carriers
Patients mutated in a RAD51 paralog gene were diagnosed with breast cancer (n = 15), ovarian cancer (n = 13) or both breast and ovarian cancer (n = 1). One patient was unaffected and included for breast cancer family history only (Table 1) .
Among the 15 patients diagnosed with breast cancer, 5 were bilateral cases. The overall mean age of onset at first diagnosis of breast cancer was 45 years (range 27-68) ( Table 2 ). The histological type of breast cancer was mostly invasive ductal carcinoma (IDC) for the five RAD51 paralogs, but the histological subtypes were heterogeneous: the most frequent subtype was triple negative (estrogen and progesterone receptor-negative, HER2-negative (ER−, PR−, HER2−)) (6/14), which was observed for two RAD51C (2/5), three RAD51D (3/4) and one XRCC3-mutated (1/1) breast carcinomas but not observed in three RAD51B and one XRCC2-mutated breast carcinomas. RAD51B-mutated breast carcinomas were predominantly hormone receptor-positive (ER+, PR+) and HER2-negative (2/3).
Among the 13 patients diagnosed with ovarian cancer, the overall mean age of onset at first diagnosis was 55 years (range 36-66) ( Table 2 ). The histological type of ovarian cancer was mostly serous carcinoma. A rare type of ovarian cancer was observed, a malignant Brenner tumor, in a patient carrying a RAD51D deleterious variant. 
Discussion
This study evaluated the contribution of germline deleterious variants in the five RAD51 paralogs to breast and ovarian cancers. These variants were detected at an overall rate of 1.13% [95% CI: 0.72-1.55%], in breast cancer only cases (0.73% (95% CI: 0.34-1.11%)) or cases with at least one ovarian cancer (2.63% (95% CI: 1.24-4.02%)).
RAD51 paralog deleterious variant rate
RAD51 paralog deleterious variant rate may be underestimated as variants that were likely deleterious by in silico prediction were also identified, in 22 patients (22/2649; 0.83% (95% CI: 0.47-1.19%)). The overall deleterious variant rate could therefore range from 1.13% (95% CI: 0.72-1.55%) to 1.96% (95% CI: 1.43-2.50%). Functional assays are needed to estimate more accurately the contribution of germline RAD51 paralog deleterious variants to breast and ovarian cancers. As each RAD51 paralog is necessary for HR, these assays could be measurement of HR frequency by DR-GFP or cell sensitivity to poly-(ADPribose) polymerase (PARP) inhibitors, by cDNA-based complementation approach in cells deficient for the tested RAD51 paralog. Indeed, DR-GFP assay has been previously published for the five RAD51 paralogs and cell sensitivity to PARP inhibitors for RAD51C, RAD51D, and XRCC2 [8, [22] [23] [24] [25] . RAD51 paralog deleterious variants were identified in patients negative for BRCA1/2 deleterious variants but one patient was double heterozygote for a XRCC2 likely deleterious variant and a BRCA1 deleterious variant (Supplementary Table 1 ). Co-occurrence of RAD51C and BRCA2 deleterious variants has been previously reported in a breast cancer family [26] .
Clinicopathological characteristics of breast and ovarian cancers in RAD51 paralog deleterious variant carriers
The most frequent histological type of breast cancer was IDC, as in the general population and previously reported for RAD51D-mutated breast tumors [14] . The histological subtypes of breast tumors were heterogeneous, as it was described in two previous reports on RAD51C-mutated tumors that suggested these tumors were similar to BRCA2-mutated breast tumors [13, 27] . Heterogeneity of histological subtypes was also reported for RAD51B in a study conducted on 46,036 invasive breast cancer cases and 46,930 controls that observed an association between RAD51B rs10483813 and rs999737 SNPs and breast cancer for most tumor subtypes [28] . The most frequent subtype was triple-negative, which was observed for RAD51C, RAD51D and XRCC2. This result is consistent with a recent study of over 35,000 women with breast cancer tested with a 25-gene panel of hereditary cancer genes, which revealed that the prevalence of deleterious variants in RAD51C was statistically higher among women with triple-negative breast cancer [29] .
The most frequent histological type of ovarian cancer was serous carcinoma, as in the general population and in BRCA1/2-mutated tumors [30] . This result was also previously reported for RAD51B, RAD51C, and RAD51D ovarian tumors [8, 11, 31] .
Personal and family history of breast and ovarian cancer
RAD51B
The RAD51B deleterious variant rate was 0.15%, with three variants identified in breast cancer only cases (3/2063; 0.15%) and only one variant among cases with at least one ovarian cancer (1/570; 0.18%). To our knowledge, only one RAD51B deleterious variant was reported in a breast cancer case with an ovarian cancer family history [10] . A recent case-control study conducted on unselected ovarian cancer cases observed a low RAD51B deleterious variant rate at 0.06% (2/3401) in cases and no deleterious variant in 2769 controls [11] . Numerous Genome-Wide Association Studies (GWAS) or case-control studies identified several RAD51B neutral variants as susceptibility factors for breast cancer [27, 28, [32] [33] [34] [35] . Overall, these data suggest that RAD51B is involved in breast cancer predisposition but further studies are needed to evaluate its contribution to ovarian cancer.
RAD51C
The RAD51C deleterious variant rate was 0.45%, with three variants identified in breast cancer only cases (3/2063; 0.15%) and nine variants among cases with at least one ovarian cancer (9/570; 1.58%). RAD51C was the predominant RAD51 paralog with deleterious variants identified in cases with at least one ovarian cancer, and the rate of 1.58% is quite similar to the rate of 1.3% previously reported for RAD51C germline deleterious variants in breast and ovarian cancer cases [7, 36] . RAD51C contribution to ovarian cancer has been established by numerous studies but its contribution to breast cancer is less clear [9, [36] [37] [38] . Indeed, the first study by Meindl et al. identified 6 RAD51C deleterious variants in 480 cases with breast and ovarian cancer but no deleterious variant in 620 breast cancer only cases. Similar results were observed in other studies [9, 38] . Loveday et al. estimated the relative risk (RR) of ovarian cancer for RAD51C deleterious variant carriers to 5.88, with no evidence of breast cancer association [9] . A recent casecontrol study on unselected ovarian cancer cases estimated the odds ratio for RAD51C deleterious variants to be 5.2 [11] . The RAD51C deleterious variant rate in unselected ovarian cases was lower (0.41%). However, three RAD51C deleterious variants were reported in breast cancer only cases [39] [40] [41] . Taking these results together with our results, we estimate that RAD51C contribution to breast cancer predisposition should be considered.
RAD51D
The RAD51D deleterious variant rate was 0.26%, with four variants identified in breast cancer only cases (4/2063; 0.19%) and three variants among cases with at least one ovarian cancer (3/570; 0.53%). This RAD51D deleterious variant rate of 0.53% in cases with at least one ovarian cancer is lower than the first study that established RAD51D as an ovarian cancer predisposition gene, with a deleterious variant rate of 0.9% (8/911) [8] . This discrepancy may be explained by a higher number of ovarian cancer cases in families studied by Loveday et al., as they reported a higher association with ovarian cancer for families with three or more affected individuals. Like RAD51C, contribution of RAD51D germline deleterious variants to ovarian cancer has been established by several studies but their contribution to breast cancer is less clear. In the first report on RAD51D, the relative risk of ovarian cancer for RAD51D deleterious variants was estimated to be 6.30 whereas the relative risk of breast cancer was 1.32. RAD51D deleterious variants in breast and ovarian cancer family cases were also observed in subsequent studies [42, 43] . A recent case-control study on unselected ovarian cancer cases estimated the odds ratio of ovarian cancer for RAD51D deleterious variants to be 12, but the 95% CI was wide (95% CI: (1.5-90)) [11] . The RAD51D deleterious variant rate in unselected ovarian cancer cases was 0.35%. To our knowledge, only one breast cancer only family case with RAD51D deleterious variant was reported [44] . However, presence of numerous RAD51D deleterious variant carriers affected with breast cancer was recently reported, albeit in the context of familial ovarian cancer [42] . Taking these results together with our results, we estimate that RAD51D contribution to breast cancer predisposition should be considered.
XRCC2
Two XRCC2 deleterious variants were identified in breast cancer only cases (2/2063; 0.10%) and no deleterious variant in 570 cases with at least one ovarian cancer. These results are consistent with a previous report of XRCC2 deleterious variants in multiple breast cancer cases [12] . However, this association was not confirmed in two subsequent studies, although a relative risk <2 could not be excluded [13, 14] . Several case-control studies evaluated association of XRCC2 p.(Arg188His) neutral variant (rs3218536:G > A) with breast and ovarian cancer. Its association with breast cancer is controversial but its association with ovarian cancer was observed in three meta-analyses [45] [46] [47] . Overall, the low XRCC2 deleterious variant rate needs studies on several thousands of cases and controls to evaluate XRCC2 contribution to breast and ovarian cancer.
XRCC3
The XRCC3 deleterious variant rate was 0.19%, with three variants identified in breast cancer only cases (3/2063; 0.15%) and two variants in ovarian cancer only cases (2/32; 6.25%). XRCC3 deleterious variant carriers had the lowest mean age of breast cancer onset, at 39 years. This is the first report of XRCC3 deleterious variants in breast and ovarian cancer cases. Combining these data with case-control studies that observed an association between XRCC3 neutral variants and breast and ovarian cancer suggest that XRCC3 deleterious variants may predispose to breast and ovarian cancer.
Follow-up strategies
In this study and previous reports on RAD51 paralogs concerning breast and ovarian cancer predisposition, there is an ascertainment bias for young age of onset as this is an inclusion criterion for genetic testing. However, except the unique XRCC2 deleterious variant carrier diagnosed with breast cancer at 52 years, the mean age of breast cancer onset for any RAD51 paralog deleterious variant carriers, 45 years, was similar to those reported in BRCA1 and BRCA2 deleterious variant carriers [1] . A specific breast cancer follow-up at younger age should therefore be recommended to RAD51 paralog deleterious variant carriers. Two previous reports concluded that the high risk of ovarian cancer conferred by RAD51C germline deleterious variants should lead to suggestion of preventive oophorectomy, before or after menopause in the study by Blanco et al. [39] or Sopik et al. [48] , as the mean age of ovarian cancer was estimated to be 49 or 60, respectively. A recent study proposed premenopausal preventive oophorectomy in RAD51C and RAD51D deleterious variant carriers as 18% of ovarian cancers in these patients occurred before 50 years of age [11] . In this study, 1 out of 8 ovarian cancers for RAD51C and 1 out of 3 ovarian cancers for RAD51D occurred before 50 years of age, at 48 and 36 years, respectively. The ascertainment bias for young age of onset is lower for ovarian cancer than for breast cancer as the personal history-based inclusion criterion is an ovarian cancer before the age of 70 (vs. before the age of 36 or 51 for breast cancer, for all subtypes or triple-negative breast cancer, respectively) and the family history-based inclusion criterion is an ovarian cancer whatever the age of onset. Given the poor prognosis of ovarian cancer and the elevated relative risks of ovarian cancer, premenopausal preventive oophorectomy should be discussed with RAD51C and RAD51D deleterious variant carriers.
PARP inhibitors have recently been validated as a new treatment of BRCA1/2-mutated ovarian cancer, and target tumor cells that are defective for DNA repair by HR [49] . As RAD51 paralogs are involved in the same pathway, PARP inhibitors could also be effective on RAD51 paralogmutated ovarian cancer. Some in vitro studies conducted on RAD51C and RAD51D-mutated tumor cells observed a sensitivity to PARP inhibitors, supporting their inclusion in clinical trials [8, 23] .
Conclusion
This study is the first evaluation of the five RAD51 paralogs in breast and ovarian cancer predisposition and it demonstrates that deleterious variants can be present in breast cancer only cases. Moreover, this is the first time that XRCC3 deleterious variants have been identified in breast and ovarian cancer cases. Given the low deleterious variant rate of RAD51 paralogs, further studies are needed to estimate more accurately their clinicopathological characteristics. This study constitutes a sound basis for penetrance risk estimates through the genetic testing of relatives of variant carriers.
